Abstract-The structures of 11 smectites and 2 interstratified mica/smectites containing mainly Ca 2. and Na § as exchangeable cations in variable ratio were studied under a relative humidity of about 40%. Observed X-ray powder diffraction patterns were compared with diagrams calculated from interstratification models containing 15.2-~ Ca-smectite layers (C), 12.4-/k Na-smectite layers (N), and 10.0-~ mica layers (M) in various combinations. The smectites appear to be a random interstratification of component layers C and N, and display a tendency towards segregation. One of the interstratified minerals studied is a regular interstratification of C and M layers; the other is a regular interstratification of C, N, and M layers, in which N and C layers are randomly distributed in equal proportion and show a tendency towards segregation.
INTRODUCTION
The variation of the basal spacings of smectites as a function of water adsorption has been studied by a number of workers (e.g., Hendricks et el., 1940; Mooney et al., 1952; Zettlemoyer et al., 1955; Fripiat et al., 1965; Keren and Shainberg, 1975) . These works indicate that the variation of basal spacings depends chiefly on the chemical difference among interlayer cations, especially between monovalent and divalent cations.
Ca 2+ and Na § are usually found in smectites as interlayer cations, Ca 2+ having two layers of molecular water and giving rise to a basal spacing of about 15.5 /k, and Na § having one layer of molecular water and giving rise to a basal spacing of about 12.5/k (see, e.g., Keren and Shainberg, 1975) . Glaeser and M6ring (1954) pointed out that these ions tend to occur in a "demixed state," that is, some interlayer regions are occupied mainly by Ca 2 § and others mainly by Na § McAtee (1956) analyzed the X-ray powder diffraction (XRD) 1 Present address: Government Industrial Research Institute, Tohoku, Nigatake 4-2-1, Sendai, 983 Japan.
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Copyright 9 1988, The Clay Minerals Society patterns of cation-exchanged (Ca,Na)-smectites by a Fourier transform method and found that Ca-montmorillonite and Na-montmorillonite layers are randomly interstratified in the c* direction of the crystal. On the other hand, Levy and Francis (1975) reported that the interstratification corresponds to a segregated type of structure. Yoshida (1979) calculated electrostatically the amount of cations that can coexist in an interlayer of a coexisting Ca 2+ and Na § system ofsmectite. He concluded that the demixing of Ca 2+ and Na § occurs readily. On the basis of these data, the variation of the basal spacings of smectite with relative humidity may be interpreted from a knowledge of such interstratified structures containing component layers about 15.5 and 12.5 ~ thick. The present paper concerns the evidence for this line of reasoning.
SPECIMENS
The 11 smectites (dioctahedral) and 2 interstratified minerals (dioctahedral mica/smectite) studied are described in Table 1 . The diagenetic bentonites from the Tsukinuno and Mizumaki mines contain quartz and feldspars as impurities; a small amount of cristobalite is also present in the Mizumaki specimen studied here. The Matsuki ore deposit is of the Kuroko type. Smectites from this mine are alteration products of acidic tufts or lavas; the smectites are considered to be diagenetic and to have been altered hydrothermally during the emplacement of the ore. In this deposit interstratified minerals exist in the clay zone enclosing the ore bodies. Smectite and interstratified minerals (samples I 1-12) from the Matsuki mine were collected from drill cores above the ore body or in the pit. Quartz and feldspar are common in all the smectite specimens studied. Small amounts of pyrite and quartz occur in specimens II and I2, respectively. Each of the specimens was disaggregated by ultrasonics. The <2-um fraction was free or almost free from impurities and was used in the following experiments. Chemical analyses were made by a standard wet method; CaO and MgO were determined by a chelatometry using EDTA, and Na20 and K20 were determined by flame photometry. The amount of remaining quartz and cristobalite impurities was determined by XRD by the standard addition method. Chemical formulae calculated on the basis of O~0(OH)2 from the analyses of <2-#m material are shown in Table 2 . The octahedral nature of these specimens is indicated by the octahedral population of about 2.00; it was also confirmed by XRD. Interlayer cations are Ca, Na, K, and Mg, but Ca and Na are the main constituents. The Ca/Na atomic ratio ranges from 2 to 0.1. XRD patterns of oriented powders treated with ethylene glycol and glycerol show the basal reflections at submultiples of 16.9-17.0/~ and 17.7-17.8 ~, respectively.
The chemical formulae of the interstratified minerals indicate that they are of the 1:1 regular type, having a component layer of potassium mica. The chemical formulae containing small amounts of Fe and Mg are close to those of dioctahedral micas from Kuroko deposits, as previously reported by Kodama et al. (1969) , Shimoda (1972) , and Higashi (1974) . Specimen 12 contains more interlayer Na than specimen I 1.
EXPERIMENTAL
For studies of the hydration behavior of the smectites, XRD basal spacings of the Ca-or Na-saturated clay film of specimen M6 were measured under various relative humidity (RH) conditions. The RH was changed between 0 and 100% at intervals about 20% by changing the concentration of the sulfuric acid. XRD patterns were made when the RH reached equilibrium at each step; the equilibrium state was confirmed by the intensity of 001 reflection becoming constant; usually, it took 30-60 min to achieve equilibrium.
The variation of basal spacings of Ca-or Na-saturated smectite with RH is shown in Figure 1 . At 40% RH, the basal spacings of Ca and Na smectites were clearly different from each other, occurring at about 15 A, in the former and at about 12 A in the latter. At RH > 60%, the basal spacing of the Na-smectite expanded nearly to that of the Ca-smectite. Therefore, at this RH, the basal reflections of these smectites nearly overlap one another. On the other hand, at <20% RH, the expansion of Ca-smectite was minor and close to that of Na-smectite. From the data shown in Figure 1 , if an interstratified structure of 12-~ and 15-~k layers could be formed, a RH of about 40% would be most favorable for the formation of the interstratification. On this basis, the RH was controlled at 40% throughout the experiments.
Interstratifications were identified by comparing measured values with those caluclated by the method of Komura (1952, 1954) . The technical procedures of the calculation were described in detail by Watanabe (1977) 9 The X-ray scattering intensity in the reciprocal space along the c* direction of an interstratified crystal consisting of N layers and n types of layers, can be expressed as follows:
where Spur means the sum of the diagonal elements of square matrix, and conj., the complex conjugate of the foregoing terms. The symbols in Eq. (1) the matrix of phase factors. Vi is the layer structure factor of the layer i, Wi the probability of finding the layer i, P0 the probability of finding the layer j after the layer i, and ~k~ the phase shift due to the thickness of the layer i. As defined by Jagodzinski (1949) , the 'Reichweite' is g when the junction probability P0 depends not only on the layer i but also on the combination of the pre- ceding g layers including the layer i. Eq. (1) was derived for the case of Reichweite g = 1, but is also valid for g > 2 by modifying somewhat the elements of the above matrices. The order of matrix shown outside the bracket as a suffix is defined by R = rag.
The intensity was calculated by multiplying by the powder Lp factor and by correcting the mechanical error derived for the equipment used. In this study, the correction of mechanical error was only applied for the influence of experimental slit system (V2~ mm-1/2~ and using the Klug and Alexander method (1974) . The number of component layers, N, was given by the gaussian distribution with mean 10, deviation 2.0, which is the usual mean value for smectites. The parameters of each component layer used in the calculation (Table 3) are slightly modified from those of Ross (1968) .
RESULTS AND DISCUSSION

Ca and Na interlayer structure in smectites
The XRD patterns of the oriented smectite specimens at 40% RH show some systematic variations in their basal reflections (Figure 2 ). The basal spacings of specimens M6 and M7 are submultiples of 15.1 ~; however, the basal spacings of specimens M5 to MI do not form an integral series, and the 5-/k reflections 0.000
Parameters are slightly modified from those of Ross (1968) .
increase progressively in intensity, accompanied by asymmetrical broadening. The reflections at about 12.5 for specimens NI, N2, N3, and TI have a shoulder at about 15 ,~, and the 5-A reflections are weak in intensity.
Under the experimental condition (40% RH), the basal spacing of Na-and Ca-saturated smectites is about 12.4 and 15.2 ,~, respectively. Basal reflections occur at submultiples of these spacings. Relative intensities of the smectites (Figure 2 ) are highly different from those of mechanical mixtures of these two cation-saturated smectites and are thought to result from some Figure 3 . Calculated X-ray powder diffraction profiles for some structure models of (Ca,Na)-smectite. The diagram of Pcc vs. PNN shows the probability parameters ofinterstratified structure of two component system used in the calculation. C = Ca-smectite layer; N = Na-smectite layer; a = 1:1 random interstratification; b = segregation structure corresponding to Pcc = .75 and PNN = .75; C = ideal segregation.
interstratification of Ca-and Na-saturated smectite layers. XRD line profiles were calculated for some structural models having Reichweite g = 1 and the two component system ofa Ca-smectite layer (component C) and a Na-smectite layer (component N).
The two-component system has probabilities related by the following equations: interstratification, and (3) segregation. For characterizing the interstratified structure, we consider here models having Wc and W N fixed at 0.5 and various junction probabilities on Sato's diagram (Sato, 1965) (Figure 3) . Model a belongs to a completely random type and model b to a partially random type, with a tendency towards segregation. Model c indicates complete segregation.
For Wc = WN = 0.5, calculated XRD profiles show that the reflections at about 5 and 6/k become weak and diffuse as the interstratification becomes completely random (c -~ b ~ a). Intensity ratios of 1(6 A)/I(3 ~) and 1(5/~)/I(3 ,~) were therefore calculated for 20 models having various probability values ranging from completely random to completely segregated structures (1 < Pcc + PNN < 2). These values were plotted on Sato's diagram, and two kinds of isopleths of 1(6 ,~)/ 1(3 A) and 1(5/~)/I(3 A) were drawn (Figure 4 ). Interstratification probabilities can be found as the intersection of two intensity ratio curves on the diagram, if XRD intensities of the three 6-, 5-, and 3-A reflections are determined. Interstratification probabilities of specimens obtained by this procedure are listed in Table 4. The relation beteen WA-ValUeS and the observed ratio Ca2 § 2+ + Na § in which the amounts are given in equivalent weight, yields an essentially straight line ( Figure 5 ). This relationship is evidence for the validity of analytical method mentioned above and indicates that the different XRD patterns of the smectire specimens are due to an interstratified structure, i.e., random interstratification with a tendency towards segregation into two components: 12.4-~ Na-smectite and 15.2-,~ Ca-smectite layers.
Interstratification of mica and Ca-and Na-smectite layers
On ethylene glycol solvation, specimens I1 and I2 yielded similar XRD patterns having a nearly integral series of basal reflections (Figure 6 ). These patterns indicate a regular interstratification of mica and smectire. The proportion of smectite layers in specimens I 1 and I2 was estimated to be 35% and 45%, respectively, Wc + WN ~ 1, Pcc+ PcN= 1, P~c+PuN~ 1, and WcPcN = WNP~c, where W c is the probability of occurrence of C, WN that of N and Pcc is the junction probability that C succeeds C. PCN, PNc, and PNN are similarly defined (MacEwan et al., 1961) . Six variables exist, but all are fixed if any two are specified. Generally, the mode of interstratification may be of three types: (1) regular interstratification, (2) random where the symbols M and S stand for a mica layer and a smectite layer, respectively.
The XRD patterns of specimens I1 and 12 at 40% RH are shown in Figures 7 and 8 . The long-spacing reflection at about 26 ,~ indicates a regular interstratification; however, the spacings and profiles of the higherorder basal reflections are quite different from each other. The basal reflections of specimen I 1 are relatively sharp and symmetrical and occur at nearly submultiples of 25-/k. The basal reflections of specimen 12 are broad, and the 12-/~ reflection is displaced compared with that of specimen I 1. Reflections at about 7.4, 5.5, and 2.03 A, which were not observed in the XRD pattern of specimen I1, were also noted.
Variation of the XRD patterns of the specimens at 40% RH are probably due to differences in interlayer compositions. Theoretical XRD line profiles were calculated for structure models that consist of three components, i.e., a mica layer (component M), a Ca-smecrite layer (component C), and a Na-smectite layer (component N).
The chemical analysis of specimen I 1 suggests that its interlayer region is mainly occupied by Ca 2 § Therefore, the XRD pattern was calculated from a model having the probability parameters as determined by ethylene glycol solvation and a smectite interlayer containing Ca 2 § only. The calculated XRD pattern is in fair agreement with the experimental pattern. Specimen I 1 can thus be described as a regular interstratification of mica and Ca-smectite layers (Figure 7) .
The molar ratio of Ca/Na for specimen 12 is about 1:2; therefore, Ca-and Na-smectite layers can be as- "20 CuKa radiation Figure 6 . X-ray powder diffraction basal reflections of interstratified dioctahedral mica and smectite after ethylene glycol treatment.
Inasmuch as specimen 12 is a regular interstratification of mica and smectite layers, a smectite layer must be followed by a mica layer. On this basis, structure models having three component layers and Reichweite g = 2 were considered. Assuming that the sequence of MMM is not viable, P the matrix of transition probabilities of this structure can be shown as following:
The values of PCMM and PNMM were calculated from the following relations: Hence, only four parameters OfPcMc, PCMN, PNMC, and PNMN can be treated as variables for this structure.
For the identification of the interstratified structure of specimen 12, the XRD line profiles were calculated for some structure models defined by the above matrix. Observed and calculated X-ray powder diffraction reflections of specimen I 1. I 1 = observed pattern (40% RH); Cal = calculated pattern expected from a regular interstratified structure of mica layers (M) and Ca-smectite layers (C) (WM = 0.35, WC = 0.65).
A diagrammatic expression of the transition probabilities used for the calculation is shown in Figure 9 .
Because the values of PCMc/(PcMc + PCMN) and PNMN/ (PNMN + PNMC) are taken on the axis of coordinates, the diagram can be regarded as showing the interstratification of components C and N, eliminating the component M in analogy with the diagram in Figure 3 . Model a corresponds to a random interstratification of Ca-and Na-smectite layers intercalating one or locally two mica layers between them, and model e is an ideal segregation structure. Structures of models b, c, and d are intermediate types between those of models a and e, that is, partial segregation of Ca-and Na-smectite layers. Figure 9 . Calculated X-ray powder diffraction profiles for structure models of interstratification of mica (M), Ca-smectite (C), and Na-smectite (N) layers, a--e = models having probability parameters corresponding to those in the plot of PCMc/(PcMc + PCMN) VS. Pr~Mr#(PNMN + PNMC).
The reflections having spacings of 12.3 and 11.0 ,~ of model e occur as a single diffuse peak, which, however, progressively sharpens as the structure approaches one of random interstratification. The reflections at 5.58 and 5.04/k of model e change to a single broad reflection in model a. The 3.19-~ reflection, however, does not vary. From a comparison of these profiles with the experimental XRD pattern of specimen 12, specimen I2 appears to have a structure intermediate between those models c and d, as shown in Figure 8 .
The interstratified structure of specimen 12 can be interpreted as a regular interstratification of diocta- Transition probabilities were obtained assuming the sequence ofMMMwas not viable.
hedral mica and smectite layers; but, half of the interlayer spaces of the smectite components are considered to be occupied mainly by Ca 2 § the rest mainly by Nat From the value PcMc/(Pcuc + PCMN) = PNMrJ(Prq~N + P~Mc) = .75, the sequences CMC and NMN are found more often than those of CMN and NMC, respectively, in a one-dimensional row of the component layers. Therefore, the M/C/N model structure is proposed, the C/N sequence being obtained after eliminating the mica layer (M) from the M/C/N sequence ( Figure 10 ). The C/N sequence shows that the interstratification of specimen 12 is a segregated structure of Ca-and Na-smectire layers. The calculated interstratification probability values of specimens I 1 and 12 are listed in Table 5 .
Distribution of Ca and Na ions
Regardless of the ratio of Ca-smectite layers to Nasmectite layers, the values of Pcc and PNN of (Ca,Na)-smectites are intermediate between complete randomness (Pcc + PNN = 1) and complete segregation (Pcc = PNN = 1). Therefore, the particle consists of Ca-dominant domains and Na-dominant domains. From the observed XRD line profile, the number of the elementary layers in an X-ray-coherent domain is about 10, which is the number of layers (N) used in line profile calculations, and the distance in c* direction is about 120--150 A. The number of layers in each single domain may be less than 10, because domains coexist in an X-ray-coherent region. Figure 11 shows a model of these domains. Variation of the distribution in a and b directions, the scale of which in this figure is arbitrary, Figure 11 . Schematic diagram for the distribution of Caand Na-smectite layers on the plane parallel to the c*.
was estimated from the TEM photographs of organophilic montmorillonites (Yoshida and Suito, 1972) . For interstratified mica/smectite, the same result was obtained as was obtained for smectites. The Ca-and Na-smectite layers form segregated structures, despite sandwiching of the mica layer. Consequently, in both smectite and interstratified mica/smectite, Ca 2+ and Na + were distributed in segregated structures. On the basis of calculated configuration entropies of Ca and Na ions in smectite, Yoshida (1979) concluded that Ca and Na ions are apt to be distributed in the segregated forms. Also, Gleaser and Mrring (1954) reported 'demixing' of Ca and Na ions in smectite. These ideas support the results obtained in the present study.
